Titanium has been added to ferritic stainless steels to combat the detrimental effects of intergranular corrosion. While this has proven to be a successful strategy, we have found that the resulting Ti-rich inclusions present on the surface play a significant role in the initiation of other forms of localized corrosion. Herein, we report the effect of these inclusions on the localized corrosion of a stainless steel using macro and micro electrochemical techniques. Through the use of scanning electrochemical microscopy, we observe the microgalvanic couple formed between the conductive inclusions and passivated metal matrix. The difference in local reactivity across the material's surface was quantified using a 3D finite element model specifically built to respect the geometry of the corrosion-initiating features. Combined with electron microscopy and micro elemental analysis, localization of other alloying elements has been reported to provide new insight on their significance in localized corrosion resistance.
INTRODUCTION
Owing to their cost effectiveness, 1 austenitic stainless steels (SS) are often replaced with ferritic SS containing low amounts of Ni. However, ferritic Fe-Cr alloys are susceptible to intergranular corrosion (IGC), which greatly decreases the material's lifespan. In SS, this tends to occur along grain boundaries at the Cr-depleted zones that form adjacent to chromium carbide precipitates.
2 IGC can be minimized by limiting the amount of C and N within the alloy, specific heat treatments, and by alloying the metal with stabilizing agents such as Ti and Nb. These elements have higher chemical affinities to C and N than Cr does and so will preferentially precipitate, leaving the Cr in solid solution. This allows for the formation of protective Cr oxides, ultimately increasing the material's resistance to IGC. [3] [4] [5] Despite the successful reduction of IGC in alloyed ferritic SS, its mechanical strength can still be greatly reduced by pitting corrosion, usually associated with some discontinuity over the metal surface, such as a grain boundary, a defect/scratch, or an inclusion within the metal's microstructure. 6 Among the typical corrosion initiators, manganese sulfide (MnS) inclusions in austenitic SSs have been identified as pitting corrosion initiation sites and have been extensively investigated using macro-scale [7] [8] [9] [10] and micro-scale 11, 12 techniques. More recently, Ti and Nb rich carbide and nitride inclusions have been found in SS resulting from the preferential precipitation of stabilizing agents, as previously described. 4, 13 Unlike the MnS inclusions found on austenitic SS, Ti and Nb C/N inclusions are inherently electrochemically stable. 14 The micron-sized inclusions have been reported to be involved in the initiation of corrosion fatigue 15 and stress corrosion cracking 16 in a Ti stabilized Ni alloy, 690TT. Previous works have suggested that the initiation of mechanical failure of Ti stabilized metals was associated to these inclusions by one of three possible mechanisms: (1) the preferential dissolution of the oxide nucleation core within the inclusions exposing active metal, 16, 17 (2) microvoids formed from large inclusions being broken during mechanical preparation of the metal, 16 and (3) the enhancement of the surrounding metal matrix's electrochemical activity due to plastic strain, forcing it to act as an anode and therefore preferentially dissolving in high temperature water. 15 Despite all the mechanisms described above, the inclusion's electrochemical reactivity with respect to the surrounding metal matrix has not been reported or explored as a reason for the materials reported degradation mechanism in aqueous environments.
Comparing the alloyed SSs available today, SS 444 is an excellent candidate for a replacement material of expensive austenitic metals such as 316L and 304L due to its lower susceptibility to pitting corrosion. 18 Although in many studies the microstructure of the material was characterized using scanning electron microscopy (SEM) and X-ray energy dispersive spectroscopy (XEDS), little attention was given to the heterogeneous microstructure's effect on localized corrosion. 19, 20 In order to investigate the material's polarization behavior on the micro-scale, the micro-droplet cell technique has been performed over Ti-stabilized ferritic SS materials to investigate the relationship between their microstructures and pitting potentials. 17, 19 No evidence was found to link the inclusions reported to localized corrosion, as the material did not undergo pitting corrosion, despite the previous reports of such inclusions instigating localized attack in other Ti stabilized alloys.
In this work, we have linked the Ti-rich inclusions found in highperformance SS 444 to initiating localized corrosion. This is done through the accelerated corrosion of SS 444 in a corrosive environment followed by material characterization using both macro and micro-scale electrochemical techniques; namely potentiodynamic polarization (PDP) measurements and scanning electrochemical microscopy (SECM). The material is studied ex situ via SEM/EDX analysis after accelerated corrosion to observe the stability of the inclusions and understand their role in the initiation of localized corrosion. Elemental analysis of the secondary phase surrounding these inclusions also provides insight into the role of corrosion resistant alloying elements. The heterogeneous reactivity of the SS 444 was investigated using SECM in feedback mode to probe the local kinetic rate constants of a known redox mediator using a carbon fiber microelectrode (C-ME). Our specifically developed 3D finite element simulation was used to quantify the relative reactivity of cubic inclusions in a passive matrix, which represents a significant advance over existing axisymmetric models.
RESULTS

Microstructure characterization of SS 444
The microstructure of SS 444 consists of ferritic grains ranging from 40-70 μm in diameter with heterogeneous inclusions randomly dispersed (Fig. 1a) . These features were observed in as-received samples prior to any surface preparation (SI Figure S5) . The inclusions have a cubic geometry ranging from 5-10 μm in diameter. A series of EDX line scans revealed the composition of these inclusions to be mainly titanium, niobium and nitrogen ( Fig.  1b/d , c/e), with most inclusions being TiN, in agreement with previous studies on SS 444. 13, 15, 19 The mean ratio of Ti to N was calculated as a mole percentage to be 1:0.96 using 5 EDX point analysis from five different inclusions.
The formation of a secondary phase rich in Nb was observed around the edges of the Ti-rich inclusions, indicating the segregation of Nb and Ti. A high resolution image of an inclusion (Fig. 1a inset ) reveals a cubic core of different elemental composition. Using both EDX linescans (Fig. 1c/e ) and point analysis, this was found to be rich in MgO and Al 2 O 3 (SI Figure S6) ; common nucleation sites reported for Ti-stabilized metals, 4, 15 with Al concentrations reported of 0.026 wt%. Notably, not all inclusions possessed an oxide core as seen in the EDX linescan examples of pure and nucleated TiN inclusions in Fig. 1b/d , c/e, respectively, which is in agreement with thermodynamic calculations that confirmed pure TiN inclusions can form in the presence of sufficient concentrations of Ti and N, 4 where similar metals have reported N concentrations as high as 0.04%. 19, 20 Investigating bulk corrosion behavior After accelerated corrosion via PDP measurements and extended immersion times of 1 week in 3.5 wt% NaCl, the early stages of micro-crevice corrosion were observed at the interface between the inclusions and bulk metal matrix (Fig. 2a) . In order to investigate this phenomenon in more detail, the corrosion of the material was accelerated using electrochemical and chemical methods.
Considering the complexity of the alloy, several different reactions can contribute to the currents measured in the anodic branch all of which can be considered metal dissolution:
Due to the high weight percentage of Fe in the alloy, the anodic dissolution of Fe is likely to be the dominant contribution. To balance metal dissolution, two primary cathodic reactions can occur depending on the concentration of hydrogen ions in solution. At high concentrations, or low pH, the main cathodic reaction is hydrogen evolution:
Under neutral and aerated conditions, the cathodic reaction is mainly oxygen reduction:
These and other corrosion reactions can be probed using PDPs, which allow for easy extraction of corrosion parameters such as the corrosion potential (E corr ) and current density (j corr ), as demonstrated in SI Figure S2 . With Fe-Cr alloys, spontaneous passive film formation causes a stable plateau in the anodic branch, known as the limiting current, or j lim . 21 This can be attributed to oxide formation and compression of the diffusion layer within the physical passive film, resulting in a steep concentration gradient perpendicular to the corroding surface hindering further dissolution of the metal. 22, 23 For SS 444, E corr and j lim were measured to be −0.12 ± 0.01 V vs. saturated calomel electrode (SCE) and 0.5 ± 0.02 µA/cm 2 , respectively. At potentials above this passive region, the log of the current increases linearly, which signals the onset of the transpassive region. The surface of the polarized samples was investigated using SEM/EDX analysis and revealed little to no indication of localized corrosion.
The goal of this work was to understand the role of Ti-rich inclusions in the mechanism of localized corrosion for metals alloyed with such stabilizing agents. Probing the corrosion behavior of SS is inherently difficult due to the spontaneous formation of a protective passive film significantly reducing its corrosion rate. Therefore, in order to promote localized corrosion of the ideal model material SS 444, the surface depassivation was attempted using two methods: first, through electrochemical reduction prior to the measurement; second, through the use of an aggressive etching solution during the measurement. This allowed for the observation of the corrosion behavior of the metal substrate through voltammetry, SEM, and EDX analysis of the corroded surface. Inducing localized corrosion via electrochemical depassivation. In order to investigate localized corrosion, a reductive potential (−1 V vs. SCE) was applied for 5 min prior to the PDP measurement in order to disrupt the passive film, and achieve some degree of depassivation. The E corr and j lim from the PDP measurement (Fig. 2B inset) did not change significantly for the depassivated samples as values of −0.20 ± 0.03 V vs. SCE and 0.5 ± 0.03 µA/cm 2 were obtained respectively, either indicating the speed at which the protective layer forms during the PDP measurement or that the samples did not achieve full depassivation. Nonetheless, the material demonstrated a sharp increase in current density around 0.5 V vs. SCE, premature to the transpassive region previously measured for a naturally passivated sample. This decrease in breakdown potential was shown to be statistically different between the two samples, whereas their corrosion potentials were proven to be indifferent (Fig. 2b ). This sudden increase in dissolution rate corresponds to the formation of a stable pit at the so called pitting potential, E pit , 24 which has been historically used to estimate the material's pitting susceptibility.
Images of the morphology of the exposed area ( Fig. 2c) show that a single, shallow pit formed during the measurement that spanned a wide diameter of 120 μm. The minimal penetration depth into the material indicates its ability to repassivate to avoid the formation of a perpetuating pit. Interestingly, an inclusion was found in the middle of the pit (inset in Fig. 2c ). The pit morphology surrounds the inclusions as though stemming from that specific site. Smaller and deeper pits also formed adjacent of the inclusion, indicating the formation of stable penetrative pitting. Localized corrosion was only observed around pure TiN inclusions, whereas inclusions with an oxide nucleation site ( Fig.  2d) showed some corrosion damage but were overall stable during the accelerated corrosion tests. The leaf-like pattern may stem from corrosion being accelerated under the physical passive film due to the corrosion inducing a steep pH gradient isolated from bulk solution.
Corrosion behavior of SS 444 in etching solution. Chemical depassivation was attempted using the G5-14 ASTM standard. 25 The measured E corr was slightly more negative at −0.22 V vs. SCE and the j lim increased to 1 μA/cm 2 . This j lim is twice the value measured in neutral 3.5 wt% NaCl, demonstrating an increase in activity at a lower pH (Fig. 3a) . This may be attributed to the solubility of the passive film under acidic conditions. 26 Despite the destabilization of the passive film, the current remained diffusion limited until reaching a lower transpassive region at 0.8 V vs. SCE. No observable pits were formed on the surface of the material prior to PDP measurements in just acidic conditions due to either the uniform destabilization of the passive film and hence no localized corrosion, or the lack of chloride ions in solution. 6 The effect of lowering the stability of the passive film and the presence of chloride ions on the material's localized corrosion initiation sites was investigated in a 0.5 M KCl and 0.5 M HCl etching solution. The active to passive behavior classically reported for PDP measurements of SS was observed in the etching solution as seen in Fig. 3a . The success of this experiment can be observed with the naked eye, as the entirety of the Fig. 2 a Micro crevice corrosion occurring at the interface between an inclusion and the metal matrix after PDP testing and 1 week immersion in 3.5 wt% NaCl. b Box plots of corrosion potential and potential breakdown values extracted from PDP measurements of passivated and electrochemically depassivated SS samples (n = 3, error bars represent absolute error at 95% C.I.). (Inset) Examples of typical PDP measurements recorded for prepared SS 444 substrates. The naturally passivated sample (black curve) shows robust corrosion resistance by reaching the transpassive region while the depassivated and mechanically grown film (red curve) showed premature pitting. SEM images of (c) the micro leaf-like corrosion observed ex situ polarization of the depassivated sample. The inset shows the TiN inclusion directly in the center of the localized corrosion. d A stable oxide nucleated inclusion ex situ polarization Titanium role in the initiation of stainless steel corrosion SM Gateman et al.
exposed sample corrodes uniformly and produces a visible interface between polished and etched metal (SI Figure S8 ). This depassivation resulted in a more active E corr of −0.508 ± 0.12 V vs. SCE and much larger current densities measured, with a significantly lower breakdown potential observed in comparison to what is measured in Fig. 2b , corroborating a recent report of super austenitic SS. 27 The shift to more negative potentials can be associated to the increase in Cr dissolution and the change in cathodic reaction in acidic media.
The analysis of the metal's surface after polarization in the etching solution via SEM/EDX revealed the local attack of the inclusions (Fig. 3b, c) . The PDP reveals that the passive film's stability was compromised, exposing the metal matrix, importantly including areas adjacent to the electrically conductive inclusions. The observation of small~0.5 μm diameter pits adjacent to every inclusion indicates a micro galvanic couple between the inclusion and the surrounding metal matrix.
A secondary phase forms at the interface between the inclusion and the adjacent metal matrix, forming a boundary of 1 μm in thickness. EDX showed that the product is rich in Nb, C, and Mo, suggesting that these alloying elements play a role in resisting localized corrosion by locally segregating from the Ti-rich phase with C to form a boundary to prevent exposing active material between the matrix and the inclusion. Alloying SS with Mo has been known to enhance resistance against localized corrosion, 28, 29 however this work provides evidence of the local precipitation of the element at vulnerable sites after accelerated corrosion, eluding how the element may inhibit localized corrosion for SS.
Mapping localized surface reactivity using SECM From the ex situ analysis of the specimens surfaces after PDP measurements via SEM/EDX, it is clear that the Ti-rich inclusions act as corrosion initiation sites. In order to probe these differences in local reactivity prior to corrosion, SECM feedback mode was employed. A schematic and a brief description of the experimental setup of SECM can be found in the SI (SI Figure S3A) . A carbon microelectrode (C-ME) tip size smaller than the investigated inclusions was selected for optimal spatial resolution (Fig. 4b) . All C-MEs were characterized by cyclic voltammetry before and after all SECM measurements to ensure a high quality electrode and redox mediator stability (SI Figure S3B) .
The nature of the current measured in feedback mode is from the ability of the redox mediator to regenerate at the substrate's surface and be collected at the C-ME's tip to form a feedback loop. SECM current images show local hot spots where the flux from the regeneration of redox mediator is higher than the surrounding substrate. When compared with SEM images (Fig. 4c) , the hotspots can be attributed to the conductive inclusions. SECM measurements performed over the same area after 10 min and 3 h immersion in the redox mediator/supporting electrolyte show a negligible difference in the measured current over both the passive film and the conductive inclusions. This confirms that the redox mediator is stable in the presence of the SS 444 substrate and that the inclusions will not passivate even after long periods of continuous exposure (SI Figure S4 ). The higher current measured over the inclusions indicates an increase in kinetic rate constant of the redox mediator over the conductive features suggesting the formation of micro galvanic coupling between the inclusion and surrounding metal matrix. The enhancement of reactivity at the inclusions and their constant exposure to the electrolyte remaining unpassivated link such Ti-rich inclusions to initiating localized corrosion.
Quantitative extraction of local reactivity by finite element simulations The evidence that the TiN inclusions are more conductive than the passivated metal matrix raises the desire to quantify the local kinetic rate constant of the redox mediator at the heterogeneous substrate. The C-ME was positioned above the hotspot (inset of Fig. 5c ) and a probe approach curve (PAC) was performed to obtain a quantitative measurement of the inclusion's reactivity. The approach curve to the unbiased substrate showed almost pure positive feedback indicating that the inclusion is conductive, acting as a local cathodic site with respect to the surrounding metal matrix. The approach curves obtained over the passive film display almost pure negative feedback confirming the insulating behavior of the non-polarized passive layer. 30 The PAC measurements were repeated over different inclusions and passivated areas to obtain a standard deviation and associated error of local reactivity across the SS 444 (SI Figure S12) . Analytical approximations have been developed and are frequently used to extract the local heterogeneous rate constant from a PAC, 31 but the majority of these assume a uniformly reacting substrate. 2D-axisymmetric finite element simulations have previously been employed to study conductive inclusions in otherwise insulating substrates for Al and Ti alloys, 32, 33 but the high symmetry requirements make these entirely unsuitable for highly heterogeneous systems such as those here presented. Therefore, a full 3D model (Fig. 5a ) was built to study this system, the full details of which can be found in the Supporting Information. Approach curves were simulated by calculating the steady-state reaction rate for a series of tipsubstrate distances according to the Nernst-Planck equation (Equation 4) under conditions of no convection or migration:
where D i is the diffusion coefficient, c i the concentration, and R i the reaction rate of species i. Species are consumed and produced in accordance with the reactions at the surface described by Equation 5:
where n is the normal vector, N i is the flux of species i associated with mass transport, and N 0,i is the flux of species i associated with a chemical reaction at the surface. The reactions occurring at the inclusion are described by Equation 6:
where k in is the rate constant at the inclusion. Accurate model behavior was validated through the comparison of simulated PAC over a uniformly reacting substrate to the traditional analytical approximation (SI Figure S11) . Using the dimensions of the probe and inclusion extracted from microscopy techniques, a series of approach curves with varying k in was generated and the best fit determined statistically by the lowest average percentage difference over the length of the curve. The reactivity of the passive film was determined first, assuming a uniform substrate. This was then used to determine the reactivity of the inclusion, assuming a square conductive feature in an otherwise uniform passive film (Fig. 5b) . This analysis was done on the three PAC experiments performed to obtain local rate constants of k in = 2.8 ± 0.1 cm/s and k p = 0.19 ± 0.01 cm/s (Fig. 5c) , with the local rate constant over the inclusion being an order of magnitude faster than over the passive film. This enhanced rate constant is consistent with enhanced reactivity at the surface in that location, as is expected for an initiation site for pitting corrosion.
DISCUSSION SECM measurements over the heterogeneous SS 444 substrate not only revealed the enhanced reactivity of the inclusions in comparison to the passivated Fe-Cr metal matrix, but also suggest a lack of passive film over the inclusions entirely as proven to be true for previously described MnS inclusions. 34 In a corrosive environment, localized corrosion is more likely to occur at these points of vulnerability. TiN is a popular material for corrosion resistant coatings due to its noble E corr (−0.016 V vs. SCE reported by Zuo et al. in artificial saliva).
14 This value is more noble than that reported for SS 444 here, suggesting that TiN rich inclusions can form a galvanic couple with the Fe metal matrix acting as the anode. This galvanic couple becomes predominant as the protective passive film is weakened. The stability of the inclusions containing a Mg/Al oxide core during corrosion measurements are not found to be sites of localized attack because the active oxide core preferentially dissolves, leaving a conductive yet broken TiN shell that remains stable and resistant to further degradation. The loss of the core disrupts the cathode's structure, which decreases its ability to galvanically couple to the metal matrix such that these nucleated inclusions are considered stable under the stagnant conditions described here. This is a marked contrast from MnS inclusions observed for austenitic SSs, which dissolve readily. 7 Despite such Mg/Al oxide core inclusion's stability in this study, their role in material fatigue during wear testing has been documented. 16 The role these inclusions play in localized corrosion is an unintentional consequence of the presence of Ti in the alloy, which is intentionally added to ferritic SS to inhibit CrC precipitation and decrease IGC. 3 This work shows that they are effective at inhibiting sensitization as the grain boundaries are free of the micron-sized inclusions reported here and instead are distributed amongst large grain faces. Undesirable CrC precipitates were not observed within the microstructure of the studied SS. The other stabilizing agent, Nb, was observed to mostly precipitate out with C at the interface between the inclusion and the surrounding metal matrix, acting as a boundary and hence protecting the material from further corroding. The stochastic distribution of the conductive inclusions (Fig. 4c, d ) may lower the material's susceptibility to localized corrosion since spacing between the resulting pits inhibits the amalgamation of the localized corrosion. In contrast, a material that undergoes IGC may be more susceptible to localized corrosion due to the sensitization of CrC precipitates, where nearby pits are able to merge to form large active pits that can propagate through the material at a faster rate.
The addition of Mo to SS alloys has proven to be beneficial to the material's resistance against localized corrosion. This has previously been attributed to its participation in the creation of a robust and protective passive film. 28, 35 This hypothesis is counter intuitive however, because pure Mo is not known to form a protective physical passive film.
36 Figure 3b , c shows the local formation of Mo-rich secondary phase around the inclusions after accelerated corrosion tests, segregating between those and the metal matrix found within the same phase as the stabilizing agent Nb. The SEM/EDX data collected here both prior to polishing and after corrosion testing enlightens corrosion research on Mo's true contribution to the materials overall localized corrosion resistance.
The E corr measured in this work (Fig. 2) is more active than a previously reported value for the same material in high saline concentration by Marques et al. of −0.0025 V vs. SCE. 20 This discrepancy may be due to the small differences in elemental composition, or rather the extensive immersion time of 2 days, where the material has had a longer period of time to passivate before carrying out the PDP measurement. The j lim measured here and that reported previously 23 is less than the corrosion current density reported by Bitondo et al. of 1.1 ± 0.7 μA/cm 2 for annealed polished SS samples. 19 It should be noted however that differences in experimental methodology such as using a faster scan rate, small electrolyte volumes, and possible differences in data analysis (not specified in referenced work) may lead to a very different calculated j corr .
A transpassive region was observed in both neutral 3.5 wt% NaCl and 0.5 M H 2 SO 4 electrolytes. The increase in current density characteristic of this region can be attributed to either the oxidative dissolution of the passive film 37 or the competing reaction of oxygen evolution, which can interfere with the transpassive behavior during the PDP measurement. Since the damage to the passive film and observation of localized corrosion on naturally passivated samples was minimal, it is inferred here that the increased current in the transpassive region is first due to the onset of oxygen evolution before the breakage of the passive film. Similar behavior was documented for samples of SS 444 immersed for a prolonged period of time 20 or immersed in more diluted saline electrolytes. 18, 19 The lack of premature pitting before reaching the transpassive region proves the material's low susceptibility to pitting corrosion and highlights the impressive Fig. 5 a 3D model geometry used for the finite element simulations. b Schematic of the reacting surfaces and boundary conditions employed in the presence of an inclusion. The radius of glass sheath (r glass ), radius of microelectrode (r UME ) and diameter of inclusion (s) were selected based on experimental parameters, with r UME = 2.35 µm, r glass = 22.56 µm, and s = 8 µm. c Extraction of local rate constants from PAC performed over a TiN inclusion [1] and passivated metal matrix [2] . Pure positive and negative feedback are shown for comparison purposes. The extracted rate constants are k 1 = 2.0 ± 0.1 cm/s and k 2 = 0.19 ± 0.01 cm/s Titanium role in the initiation of stainless steel corrosion SM Gateman et al.
corrosion resistance of the material as predicted by suppliers. However, this study has highlighted the potential of combining macro and micro electrochemical techniques to gain mechanistic insight on how a material will eventually fail over a lab-friendly time scale. After just 7 days of PDP measurements and immersion in 3.5 wt % solution, the material shows signs of localized corrosion adjacent the conductive inclusions. One could suspect that if left for long enough, the inclusions may expel from the material's microstructure due to localized corrosion. Although no detachment of the inclusions was observed in this study, such hypothesis is important to keep in mind when studying the material's microstructure after long time immersion failure in future field studies. The micro crevice and pitting corrosion patterns observed after the electrochemical depassivation experiments suggests that the exposure of active material first occurs between inclusions and the metal matrix and then spreads outwards underneath the stable protective passive film. The observation of micro pits located adjacent to every conductive inclusion during the PDP experiments in the etching solution at potentials more negative than the measured breakdown potential enforces their role in localized corrosion. This is in agreement with potentiostatic measurements reported recently for a similar Ti stabilized alloy. 38 The use of the 3D finite element model created for accurately comparing experimental PAC to analytical approximations (Fig. 5 ) calculated an order of magnitude in difference in reactivity for the inclusions versus the passivated metal matrix. Similar 2D models have been reported for other materials such as Ti-7 33 and Al/ Cu alloys 32 but have never been used to explore electrically conductive inclusions on SS surfaces and further link such features to localized corrosion attacks. The difference in behavior between TiN inclusions and previously reported MnS inclusions for austenitic steels yields differences in their localized corrosion behavior. This corrosion resistant steel has potential applications in the power industry and so understanding the failure mechanism of these Ti-stabilized ferritic SS is critical to their planned use. By being able to quantify local reactivity of the materials microstructure and link observations to the materials corrosion properties, the work presented here will bench mark the characterization methods needed to investigate SS's corrosion behavior using macro and micro electrochemical techniques.
We have found that the Ti added as a stabilizing agent to enhance the IGC resistance of ferritic SS ultimately plays a significant role in its localized corrosion behavior, with the Ti-rich inclusions formed acting as the initiation sites for localized corrosion. Ti does have a beneficial effect on the bulk corrosion properties of the material; with the SS 444 samples studied demonstrating extreme corrosion resistance and no premature pitting during the accelerated corrosion environment of a PDP measurement. However, combined PDP and immersion testing revealed that this material eventually undergoes localized attack, threatening its structural integrity.
Two methods were employed to destabilize the protective passive film in order to study the effect of the underlying microstructure on localized corrosion. SEM/EDX investigation of the specimens after depassivation revealed that the Ti-rich inclusions act as initiation sites. The alloying elements Mo and Nb have been linked to segregation at vulnerable sites at the interface between the conductive inclusions and the metal matrix. This formation of a secondary phase seems to be protective in nature and therefore increases the material's resistance towards degradation. The local reactivity of the heterogeneous substrate was measured using the microscopy techniques, SEM and SECM, to quantify the difference in reactivity across the materials surface. The 3D finite element model implemented allowed for quantitative study of the local difference in reactivity between the conductive inclusions and passivated ferrous metal.
This work demonstrates the power of pairing microscopy techniques in order to investigate relevant industrial material and will act as an ideal model system when investigating more complex systems in the future. Based on the formation and characterization of the secondary phase formed after accelerated corrosion, alloying Ti alloyed metals with elements such as Mo and Nb should also be encouraged to minimize the propagation of localized corrosion at vulnerable sites.
METHODS
Materials and sample preparation
Standard polishing procedure. AISI grade SS 444 was produced by ArcelorMittal. All specimens were sectioned from 4-mm thick plates into 2 cm × 2 cm samples using an abrasive cutter (abrasiMet 250, Buehler, USA). Samples were fixed in cold mounting epoxy (Epofix-Struers). The steel was ground using a series of SiC papers (800, 1200 and 4000 grit, Struers, Canada) and polished using a 0.05 μm aluminum oxide suspension and a MD Chem cloth (Struers, Canada) to obtain a mirror-like surface. All grinding and polishing procedures were carried out using a TegraPol-25 polishing wheel and an automated TegraForce-5 polishing arm (Struers, USA). All samples were sonicated in anhydrous ethanol for 2 min to remove any alumina residue, and then dried under a stream of air.
Instrumentation SEM/EDX analysis. All SEM images were obtained using a Hitachi SU3500 variable pressure scanning electron microscope equipped with XEDS (Oxford, Inca, Silicon drift detector) for micro-elemental composition determination of inclusions and secondary phases. Topographic information was obtained by collecting the secondary electron signal produced from the specimen itself while elemental composition information was explored via detection of back-scattered electrons stemming from the incident beam and x-ray emissions.
PDP measurements. All PDP measurements were performed using a multi-channel VSP-300 potentiostat (BioLogic Science Instruments, USA) with 1 μV resolution. Experimental parameters for PDP measurements were based on the relevant ASTM test method. 39 A standard bench top corrosion cell (K0235 Flat Cell, Princeton Applied Research, AMETEK ® Scientific Instruments) with an isolated area of 1 cm 2 was used as the main corrosion cell for all PDP, a schematic of which is given in the SI. A calibrated saturated calomel electrode (SCE) and platinum mesh were used as the reference and counter electrodes respectively.
In order to minimize solution resistance and to simulate severe corrosion conditions, 3.5 wt% NaCl electrolyte was chosen as the main test solution for immersion testing and standard electrochemical measurements. Additional information in more aggressive electrolytes was determined in a 0.5 M H 2 SO 4 solution as described in the G5 ASTM standard, 25 and etching solution composed of 0.5 M HCl and 0.5 M KCl. All reagents including NaCl, KCl, HCl, and H 2 SO 4 (>99% purity) were purchased from Sigma-Aldrich. All solutions were made using deionized water from a Milli-Q ® water purification system (18.2 MΩ cm resistivity). All measurements were performed using a freshly polished and cleaned specimen after the sample had been immersed in the aerated test solution for 1 h. A Faraday cage and a vibration isolation table were used during all PDP measurements. All polarization tests were carried out for at least three replicates to ensure reproducibility of the material's corrosion behavior.
Carbon microelectrode fabrication. All C-ME characterization and SECM were performed with an ElProScan 3 system (HEKA, Germany; bipotentiostat model PG340). The prepared SS substrate was probed using a 4.7 μm diameter C-ME, which was fabricated following an established protocol, 40 reproduced in the SI. SECM feedback mode measurements. A 1 mM FcMeOH (Acros Organic, New Jersey, USA) in 0.1 M KCl supporting electrolyte (ACP, Montreal, Quebec) aqueous solution was used for all SECM measurements. The C-ME tip was polarized at 350 mV vs. SCE and the exact tip-substrate calibrated by first making contact with the surface, then retracting the tip 200 µm. The tip was then retracted and positioned 5 μm above the substrate's surface. The C-ME was rastered across the sample at 10 μm/s in order to collect the current map of the substrate. PAC were performed at a 1 µm/s approach speed. All measurements were performed in triplicate.
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